The uptake of arsenate (As(V)) and dimethylarsinic acid (DMAA) by aquatic macrophyte 
Introduction
Arsenic is an important environmental and health concern due to its known chronic and epidemic toxicity. The main arsenic exposures to humans are through water pathway and food contamination, for instance in Bangladesh [1] [2] [3] and West Bengal, India [4] where most of the contaminations originate from natural release from rocks in the aquifer.
Geogenic arsenic contamination from aquifer rocks has also been reported in Thailand [5] , Vietnam, Inner Mongolia, Greece, Hungary, U.S.A., Ghana, Chile, Argentina and Mexico [6, 7] . Unfortunately, the traditional chemical and physical remediation techniques are limited due to the pattern of discharge. Hence, Phytoremediation, a plant-based green technology, is proposed as a viable alternative. Its relative inexpensiveness and ecofriendliness have made it an attractive method for water and soil remediation [8] . Some terrestrial plant species such as Agrostis castellana; Agrostis delicatula [9] , Bidens cynapiifolia [10] , Chinese brake fern (Pteris vittata L.) [11] and silver fern (Pityrogramma calomelanos L.) [12] have been reported to accumulate significant fractions of arsenic from soil. In particular, Chinese brake fern accumulates a formidable quantity of arsenic from soil [12, 13] and stores in the fronds [12, 14] . The arsenic hyperaccumulating terrestrial plants are considered for soil remediation. However, restoration of contaminated waters of ponds, lacks, ditches as well as irrigation water remains unresolved. Aquatic macrophytes could be a good tool for the environmentally sound and effective remediation of arsenic contaminated waters [15, 16] . Hence, we investigated the possible use of duckweed in aquatic phytoremediation.
In the present study, duckweed (Spirodela polyrhiza L.) was selected because of its fast growth, wide distribution, short life span and stability to the large scale environmental changes [17, 18] . The plant commonly grows in inland small water bodies such as ponds, water from hand tube wells (used for household necessity) and shallow tube wells (used for irrigation) is drained. Moreover, duckweed (Spirodela polyrhiza L.) grows in the rice fields of south Asian countries where arsenic contaminated groundwater is the main source of irrigation during dry season. The plant is also beneficial to rice cultivation as it suppressed or reduce weed growth in the rice field.
Arsenate and arsenite are bioavailable inorganic forms of arsenic in aquatic systems [19] .
The dynamics of arsenate exchange between water and adsorbing colloids are analogous to those of phosphate, though the competition for exchange sites favors phosphate over arsenate [20] . Arsenate and DMAA are the major species of arsenic in oxic aquatic systems [21] . Uptake behavior of these two arsenic species could reflect the influence of inorganic and organic arsenic species and their interactions with PO 4 3-and Fe ions. The comparison between inorganic (arsenate) and organic (DMAA) arsenic species uptake is important because of their limit of toxicity too.
In nature, wetland plants form dense root networks in upper wetland sediments and, under flooded conditions, pump oxygen to their roots for respiration [22] . Thus, oxygenation of the rhizosphere by wetland plants leads to precipitation of iron (oxyhydro)-oxides in the rhizosphere and on the roots of plants [23] . Precipitation of iron (oxyhydro)-oxides on roots of aquatic plants has also been reported in literatures [24] . Due to the high adsorptive affinity of arsenic for iron hydroxides, Fe plaque formation on root surface of aquatic plants might be significant in the uptake of arsenic by the plants. In the present study we reported the uptake of arsenate and DMAA in duckweed (Spirodela polyrhiza L.) and their interactions with PO 4 3-and Fe ions. The contribution of Fe-plaque formation on plant's surfaces in the arsenic uptake has also been discussed. 
CBE-extraction of Fe-plaques
Iron plaques from plant surfaces were extracted using citrate-bicarbonateethylenediaminetetraacetate (CBE)-technique, a modification of dithionite-citratebicarbonate (DCB)-extraction method of Taylor and Crowder [25] and Otte et al. [26] . The CBE solution was prepared from 0.03, 0.125 and 0.050 M of sodium citrate, sodium bicarbonate and EDTA, respectively. Plants were treated with 30 ml of CBE solution for 60 min. at room temperature. The plants were then, rinsed with DI water for 3 times, and the rinsed water was added to the CBE-extracts to make a total volume of 50 ml.
Sample preparation and chemical analysis
All plants were harvested after 12 days of inoculation. After rinsing with DI water for four times, the plant samples were kept on clean absorbent paper to remove the water from the plant surfaces. The samples were dried at 65 ºC until they reached a constant weight. Then, 0.10-0.20 g of dried samples was taken into 50-ml polyethylene tubes (DigiTubes, SCP Science, Canada) for digestion. Five ml of 65% HNO 3 were added to the sample and then, hydrogen peroxide were added and the samples were heated again at 105 ºC for 20 min.
Then, the digests were diluted to 10 ml with DI water and taken into 15-ml polyethylene bottles (HDPE, NALGENE ® , Nalge Nunc International, Rochester, NY) in readiness for analysis.
Arsenic and iron were analyzed using graphite-furnace atomic absorption spectrometer (GF-AAS, Z-8100, Hitachi, Japan). For the determination of arsenic, 5 µL of 0.05 M nickel nitrate was added to a 10-µL sample into the cuvette as matrix modifier. Certified standard reference material 1573a (tomato leaf from NIST, USA) was used to check the accuracy of analysis. Arsenic concentration in certified reference material was 0.112±0.004 µg g -1 while the measured arsenic concentration was 0.123±0.009 µg g -1 . The concentrations detected in all samples were above the instrumental limits of detection (≥ 0.01 µM in samples in water). Total phosphate was determined spectrophotometrically [27] .
All chemical reagents used in this experiment were of analytical grade. Glassware and dishes were washed with detergent solution, 3 M HCl and finally rinsed with DI water for eight times before use. In each analytical batch, at least two reagent blanks and three replicate samples were included.
Data analysis
Bioaccumulation of arsenic by Spirodela polyrhiza L. was determined on dry weight basis [18] . The experimental data were statistically analyzed for mean separation of different arsenic treatments according to the least significant difference (LSD) at 5% level by IRRI- 
Influence PO 4 3-on As uptake
The accumulation of arsenic in Spirodela polyrhiza L. decreased significantly with the increase of the phosphate concentration in the culture solutions for all three arsenate concentrations ( Fig. 1) . When the concentration of PO 4 3- In contrast, arsenic accumulation was not affected with the increase of phosphate concentration in DMAA solution (Fig. 2) . The results imply that the arsenate uptake into the aquatic macrophyte is related to the phosphate concentration in the culture solution, while DMAA uptake was not.
Effect of As species on PO 4 3-uptake
Phosphorus uptake in Spirodela polyrhiza L. decreased significantly (p < 0.001) with the increase of arsenate concentrations in culture solutions, while DMAA had no significant effect (p > 0.05) on its uptake. Pearson correlation analysis revealed a strong negative relationship between the arsenate concentration in culture solutions and phosphate concentration in plant tissues (r = -0.994; p < 0.001 at 95% confidence interval). On the other hand, the correlation was not significant (r = -0.220; p > 0.05 at 95% confidence interval) for DMAA. De La Rosa et al. [28] reported the reduction of phosphate uptake into tumbleweed (Salsola kali), when the plant was exposed to arsenate. negative, when the plants were exposed to arsenate solution (Fig. 3a) . On the other hand, the correlation was very poor (r = -0.281; p > 0.05 at 95% confidence interval), when the plants were exposed to DMAA solution (Fig. 3b) . The results suggest that the phosphate uptake into the aquatic macrophyte might be inhibited by arsenate while its uptake was not influenced by DMAA. The reduction of phosphate uptake might be due to the desorption of arsenate from iron plaque of plant surfaces. Barrow (29) investigated As(V) and P competitive adsorption in soil and found that, though As(V) desorbed some previously adsorbed P, a substantial portion of the bound P was not displaced by As(V). 
Influence of Fe on As species uptake

Influence of PO 4 3-on As adsorption on Fe plaque of plant surfaces
Arsenic and iron concentrations in plants grown in solution with arsenate and lower phosphate were highly correlated (r = 0.994; p < 0.001 at 95% confidence interval) (Fig.   4a ). But they were not significantly correlated when the plants were grown in solution with higher phosphate (r = -0.220 and -0.461 for 100 and 500 µM of PO 4 3-in solutions, respectively; p > 0.05) and the same arsenic species (Fig. 4b, 4c ). This might attribute to the adsorption of arsenate on iron plaques of plant surfaces in lower phosphate solution, which was desorbed by phosphate in higher phosphate solution.
The adsorption of phosphate on iron plaque has been reported by Zhang et al. [33] . They demonstrated that the amounts of phosphorus accumulated in iron plaque were correlated positively to the amount of iron plaque on roots. Therefore, iron plaque on roots might act as a phosphorus pool. Beside this, there are contradictory reports on the effects of iron plaque on phosphorus uptake by plant [26, 34, 35] . The reasons for such opposite results that iron plaque affect phosphorus uptake may be due to the different plant species and the amount of iron plaque, especially to the latter. Zhang et al. [33] reported that the phosphorus concentration in shoots of rice increased by 72% with the increase of iron plaque from 0.22 to 24.5 g -kg dry root weight. But higher plaque deposition (28. 
Comparison between internalized and surface adsorbed As
Physico-chemical adsorption, a different mechanism for arsenic accumulation into aquatic plants, has been proposed in the literature (Robinson et al. [30] . In this mechanism, suspended oxides of iron (Fe plaques) on the root and lower surface of the fronds of aquatic plants adsorb arsenic.
To understand the arsenate adsorption on iron plaques, iron plaques were induced on Spirodela polyrhiza L. surfaces before expose them to the arsenic species. Arsenic concentrations in plant tissues and iron plaques (CBE-extracts) were determined separately. Results showed that when Spirodela polyrhiza L. was exposed to 6.0 µM arsenate, 0.86±0.06 µmol g -1 dry weight of arsenic was adsorbed on iron plaques of plant surfaces. On the other hand, arsenic concentration was 1.08±0.12 µmol g -1 dry weight into the plant tissues ( Table 2 ). The result shows that about 56% of the total arsenic is distributed into the plant tissues compared to 44% in Fe-plaques. However, significantly higher concentration of iron (547±5 µM g -1 dry weight) in CBE-extracts compared with plant tissues (69.3±1.0 µM g -1 dry weight) (Table 2 ) confirms the formation of iron plaques on plant surfaces. The current results imply that adsorption of arsenate on Fe plaque of the surface of Spirodela polyrhiza L. contributes to arsenate uptake significantly.
There was no significant correlation between DMAA and phosphate concentrations in Spirodela polyrhiza L. (Fig. 3b) 
Conclusion:
The results of the present study show that not only internalized, but also surface adsorbed arsenic (mostly arsenate) contributes significantly to the total amount of arsenic uptake in aquatic macrophyte Spirodela polyrhiza L. Thus, it could be suggest that arsenic uptake in Spirodela polyrhiza L. occurred through the phosphate uptake pathway as well as by physico-chemical adsorption on Fe-plaques of plant's surfaces. The arsenate uptake in the plant is related to the Fe ion and phosphate concentrations in culture medium while DMAA was not. It is well reported in many previous studies that arsenate compete with phosphate for uptake carriers in the plasmalemma, which is also consistent to the present study. But the current study reports that higher phosphate concentration in the culture medium might desorbs arsenate from iron plaques of plant surfaces.
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